Fungi are of fundamental importance for plant and microbial nutrition with primary roles in decomposition and nutrient recycling. They also have great potential for use in areas of biotechnology such as bioremediation of organic and inorganic pollutants and biocontrol of plant pathogens. In all these contexts, environmental heterogeneity has a strong influence on growth and function. A large class of fungi overcome the difficulties encountered in such environments by the mechanism of translocation which results in the internal redistribution of nutrients within the fungal mycelium. In this paper, we use a combination of experimental techniques and mathematical modelling to examine fungal growth in general, and in particular, translocation in the common soil saprophytic fungus Rhizoctonia solani. A detailed mathematical model is presented where translocation is considered to have both diffusive and metabolically-driven components. A calibration experiment provided the necessary parameter values. Growth experiments were compared with model solutions and thus we provide strong evidence that diffusion is the dominant mechanism for translocation in homogeneous environments. In heterogeneous environments, we conclude that diffusion is still vital for exploration, i.e. the expansion of the fungal network into the surrounding area. However, we also conclude that localized resources may be utilized faster if energy is invested, i.e. when exploitation of the fungal microenvironment is enhanced by metabolically driven translocation. r
Introduction
Many species of fungi form an indeterminate system of apically extending branching tubes (hyphae) termed a mycelium. Fungi are often thought of solely as decomposers, playing an important role in the global carbon cycle (Dix & Webster, 1995) . However, fungi are of far greater importance than this: certain species form symbiotic connections with plant root systems, allowing the transfer and redistribution of nutrients and minerals over far wider spatial scales than would be possible in their absence (Boddy, 1999) , while other species have great potential in areas of biotechnology such as biocontrol (Jin et al., 1992; Trujillo, 1992) and bioremediation (Alexander, 1994; Tobin et al., 1994; Gadd & Sayer, 2000) . For a detailed discussion on the ecology of fungi see Carroll & Wicklow, (1992) .
In most natural habitats the spatial distribution of nutrients and minerals is patchy. This is especially true in soils, where the complex physical structure adds to environmental heterogeneity. Filamentous fungi are well adapted to growth in such environmentsFtheir thread-like hyphae being highly suited to growth across surfaces, through pores, and across air gaps. The ability of certain fungi to grow in such environments is enhanced by translocationFthe redistribution of internally held material through the mycelial network. By using translocation, it is thought that many fungi are able to grow in lownutrient or polluted habitats by exploiting the resources available in other parts of the mycelium. In this paper, we use a combination of mathematical and experimental techniques to investigate translocation in fungi in general and, in particular, focus on the common soil fungus Rhizoctonia solani. This species is an economically important plant parasite that is also capable of effective saprophytic growth. There is now strong evidence suggesting that translocation consists of two distinct mechanisms; passive translocation (diffusion-driven) and active translocation (metabolically driven) (see, for example, Olsson & Gray, 1998; Persson et al., 2000) . We will consider the functional consequences of each of these mechanisms.
The mathematical modelling of fungal growth with particular emphasis on the interaction between the fungus and its environment has been mainly conducted over the past few decades (see Prosser, 1995) . In general, modelling has either been undertaken at the macroscopic level using quantities such as biomass yield (e.g. Paustian & Schnu¨rer, 1987) , or has focussed on the microscopic level by considering events such as hyphal tip growth, branching and anastomosis (the fusion of tips into hyphal walls, e.g. Heath, 1990) .
The link between the micro-and the macroscale has been more fully addressed by EdelsteinKeshet et al. (Edelstein, 1982; Edelstein & Segel, 1983 and Edelstein-Keshet & Ermentrout, 1989) . Their models consist of systems of partial differential equations where the variables denote hyphal density, tip density and the concentration of a growth-limiting substrate. This substrate exists in two states: that located within the mycelium and that free in the outside environment. The distinction between internal and external substrate allows translocation to be explicitly modelled.
A series of papers by Davidson et al. (see Davidson et al., 1996; Davidson, 1998; Davidson & Olsson, 2000 , and references therein) provide an alternative description of growth by focussing on the macroscopic development of fungal mycelium. In Davidson (1998) , the system was considered to comprise three main elements: a biomass density, an internal substrate concentration and an external substrate concentration, and translocation was assumed to occur by diffusion alone. Fungal growth and subsequent substrate depletion was modelled by a system of reaction-diffusion equations, where the flux and reaction terms were chosen to represent important qualitative features associated with mycelial growth. In Davidson & Olsson (2000) , an active translocation mechanism was introduced where the flux of material was modelled via a convection term (where the velocity is substrate dependent) directed towards the edge of the fungal colony. The results of this model are in good qualitative and quantitative agreement with a set of experiments on out-growth of Arthrobotrys superba in nutrient-free environments (Persson et al., 2000) .
In this work, we derive a model of mycelial growth which combines elements from the models of Edelstein-Keshet et al. and Davidson et al., as well as reformulating the manner in which certain processes are modelled. In particular, we reconsider the mechanisms that may be responsible for substrate translocation. By focussing on these core processes we obtain a better understanding of how the complex system which constitutes the mycelium may behave under certain environmental conditions. Although much of the work is a result of mathematical modelling, key experiments have been carried out to both calibrate the model and test its predictions. Our model thus allows us to investigate the qualitative and quantitative effects of different translocatory mechanisms.
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Edelstein-Keshet et al. consider that a single mechanism (being either passive or active) is responsible for substrate translocation. Davidson et al. hypothesized that active and passive mechanisms are jointly responsible for substrate translocation but considered an active mechanism which is incapable of generating bidirectional translocation, contrary to certain experimental observations (e.g. Olsson, 1995) . In the model derived below, we introduce simple mechanisms capable of generating multidirectional active and passive translocation. Furthermore, those hyphae not involved in translocation (for example, vacuolated hyphae) are given closer attention. In Davidson et al. inactive hyphae are not considered while Edelstein-Keshet et al. do not consider the contribution of inactive hyphae to the fungal biomass. In this work we explicitly model inactive hyphae and examine their contribution to the fungal mycelium.
Modelling
The model considers the fungal mycelium as a continuous distribution consisting of three components: active hyphal density, inactive hyphal density and hyphal tip density. Active hyphae are those hyphae involved in the translocation of internal metabolites, while hyphal tips simply denote the ends of these hyphae. Those hyphae not involved in translocation are termed inactive hyphae and represent, for example, vacuolated hyphae which commonly occur, particularly in the centre of an established mycelium. The mycelium grows by acquiring and redistributing nutrients throughout its network and hence we distinguish between nutrients held by the fungus (internal) and those free in the environment (external). The distinction between internal and external nutrients is important since we are especially interested in the effects of translocation. In most environments, a combination of nutrients and minerals will affect growth and function. Of particular importance are carbon and nitrogen. In this paper, as a first step, we consider the external substrate to consist of a single generic substance which is limiting for growth. This substrate is considered to be glucose since R. solani appears to both actively and passively translocate carbon (Olsson, 1995) and we are interested in both these mechanisms. (Active translocation of certain other elements does not seem to occur, see again Olsson, 1995.) Such substrates need not take the same form inside and outside the mycelia; glucose taken up by a fungus is rapidly phosphorylated entering both energy-yielding and biosynthetic metabolic pathways (see Gadd, 1988; Gow & Gadd, 1995) . However, again we consider the internal substrate to be a single growth-limiting substance. Substrate at a hyphal tip is used to extend the tip forward and thus is converted into a ''trail'' of biomass which is left behind a tip as it moves. The model therefore consists of five components: mðx; tÞ; the active hyphal density at time t where x denotes spatial position; m 0 ðx; tÞ; the inactive hyphal density; pðx; tÞ; the tip density; s i ðx; tÞ; the internal substrate concentration; and s e ðx; tÞ; the external substrate concentration.
The growth dynamics of R. solani (and many other fungi) are greatly influenced by the presence of physical boundaries (for example, the edge of a Petri dish in laboratory experiments). In this paper, we will not consider the effects of such boundaries and instead focus on nutrient heterogeneity. To this end, the growth experiments discussed in the next section were conducted by inoculating a circular Petri dish in the centre and making observations up to the time at which the mycelium reached the edge of the dish. In this set-up, the external nutrient environment (the agar) can be modelled as being essentially two dimensional. (The depth of the agar is sufficiently small as to allow for gradients in substrate concentration in that direction to be neglected.) One could view the mycelium as also being a two dimensional object (especially when growth is dense). However, more properly and as has been observed, the structure of a mycelium is generally fractal (Ritz & Crawford, 1990) . Hence, once nutrients are absorbed into the mycelium they must diffuse within this fractal network. Transit times of substrate molecules are consequently reduced, i.e. the time taken for a substrate molecule to diffuse to a given distance within the network is less than the corresponding time in the two-dimensional exterior (see, for example, Segel, 1980) . However, to fully include this fractal structure into the model would vastly increase its complexity FUNCTIONAL CONSEQUENCES OF TRANSLOCATION and render it almost unusable in application. Hence, as a reasonable alternative, we view the mycelium as a two-dimensional structure but with an effective diffusion coefficient which captures the expected decrease in transit times. This will be larger than the diffusion coefficient of the substrate in the exterior (see later). Finally, as growth of R. solani (and many other fungi) is generally radially symmetric in uniform conditions, we assume that our model variables are dependent on the distance, x; from the centre of the colony. (Strictly, the formulation we use below is an approximation valid for x sufficiently large because of the similarities between the onedimensional and the radially symmetric derivatives at large radii.)
The interactions between the components listed above satisfy the following system of equations which are obtained from standard conservation laws: 
where J and f denote the flux (migration) and reaction (creation/loss) terms, respectively, for each quantity. It remains to describe the form of the flux and reaction terms; we shall first consider the reaction terms, starting with f m :
Mycelial growth occurs through the extension of hyphal tips. Subsequently, the hyphae laid down by tip extension are immobile so that a single hypha may be regarded as the ''trail'' left behind a tip as it moves. Therefore, the amount of hyphae created in a region over a short time interval is precisely the number of tips in that region multiplied by the average distance they have moved. Thus, the total hyphal length created per unit time is the absolute value of the tip flux: jJ p j: It is common that parts of the mycelium become uninvolved in translocation (e.g. through vacuolation) as new hyphae are created (see Carlile & Watkinson, 1994 , Gow & Gadd, 1995 
We assume that inactive hyphae degrade into the external environment and model this as a Poisson process of rate r: To be consistent with the formulation of f m ; we thus set
Consider now the form of f p ; the rate at which tips are created and lost. Hyphal tips are created through three different processes (see, for example, Carlile & Watkinson, 1994) , (i) the splitting of one tip giving rise to two tips (dichotomous branching), (ii) the emergence of a new tip immediately behind a current tip (apical branching) and (iii) the emergence of a new tip some distance behind a current tip (lateral branching). In R. solani, tips are created by emerging from a hyphal wall, such as in (ii) and (iii) above. The precise mechanism underlying branching is unknown, although turgor pressure (a build-up of internal substrate in the mycelium behind an existing tip or septum) and ionic gradients have been implicated (see Webster, 1980; Gow & Gadd, 1995) . Furthermore, there is experimental evidence demonstrating that higher glucose concentrations result in G. P. BOSWELL ET AL. increased hyphal branching (Gruhn et al., 1992) . Hence, it is reasonable to assume that the unitlength hyphal branching rate depends on s i and, for simplicity and again in the absence of further experimental evidence, we assume it is a linear relationship. Thus, we take the per-unit-length branching rate to be bs i for some non-negative constant b [note that in Edelstein (1982) the branching rate is taken to be constant and hence does not take account of any physiological mechanism for this process]. Tips are lost by fusing with hyphal walls and again we assume this event occurs at a constant rate, f : Hence, the total rate of loss of tips is modelled by fmp so that f p has the form
Now consider f i ; the rate the internal substrate is used and acquired. Most generally, substrate is absorbed autocatalytically, that is the internal substrate is used to acquire further substrate by active transport across the plasma membrane. Therefore, the rate at which the external substrate is acquired must depend on the amount of hyphal material present, the amount of internal substrate in the hyphae, and the amount of external substrate which is available to the fungus. In previous models, it has been assumed that the uptake of substrate is limited by external concentration alone, and therefore the uptake term is of the MichaelisMenten type (see, for example, Edelstein, 1982; Davidson, 1998) . That assumption implies that the rate of nutrient uptake is linear with respect to the internal substrate concentration thereby ignoring the probable limiting factors associated with such an uptake mechanism. In the experimental protocol under discussion here, the external substrate levels are such that limiting behaviour is unlikely to be observed. Indeed, most fungi are unlikely to encounter saturating conditions in natural growth habitats. Hence, we assume the uptake process is highly efficient and we model the rate of substrate uptake by c 1 s i ms e where c 1 is a positive constant.
The mycelium uses energy (substrate) in a number of ways: uptake, maintenance, translocation and growth. The cost associated with uptake is accounted for in the choice of the parameter c 1 [we set c 1 oc 3 ; see eqn (6)]. Passive translocation occurs through diffusion and therefore has no associated metabolic cost. Conversely, active translocation requires energy to function. We assume that the energy used to actively translocate internal substrate is proportional to the absolute value of the flux of material moved and is hence given by c 4 jJ act i j: Energy is used in mycelial growth through the extension of hyphal tips. A good measure of this cost is given by the flux of tips and is modelled by the term c 2 jJ p j; where c 2 is the amount of substrate required to extend a hyphal tip over a unit distance. Encapsulated also in this term are maintenance costs associated with such growth. With these assumptions we model f i as The final reaction term f e ; corresponding to the rate of substrate depletion from the external environment, must have a similar form to the uptake term specified above, namely
where c 3 is some non-negative constant. Recall, c 1 oc 3 which accounts for the imperfect conversion of external substrate to internal substrate. Now we focus on the flux terms. Experimental observations have shown that unobstructed tips move approximately in a straight line (see Donnelly & Boddy, 1998) and therefore in our model framework their movement is most appropriately modelled by a convective flux. It is widely known that hyphal tips move with a velocity dependent on the underlying substrate (and often move faster in low-nutrient environments, e.g. Ritz, 1995) . Clearly, hyphal growth is impossible in the absence of an energy supply and to include this essential feature we assume that the speed of the tip movement is proportional to the amount of internal substrate at the tip. Hence, the tip flux is modelled by
for some positive constant v: This hyphal extension process is similar to the classic FUNCTIONAL CONSEQUENCES OF TRANSLOCATION modelling of Prosser & Trinci (1979) where it is assumed the rate of tip extension is proportional to the rate of absorption of vesicles at the hyphal tip. It has been suggested that diffusion is one of the major mechanisms of translocation in a large class of mycelial fungi (Olsson & Jennings, 1991) . Therefore, we assume that the internal substrate in our model may be redistributed accordingly (cf. Davidson, 1998) . The flux of the substrate through the mycelium will depend on the density of hyphae in the network: a sparse network will not allow as much flow as a dense, well-connected network (although an individual molecule will have a reduced transit time in a sparse network, see above). Adhering to this simple premise, we propose that the flux of internal substrate in our model is linearly proportional to active hyphal density and therefore set
Now we consider the active translocation flux J act i : Tip extension is possible only if a sufficient supply of energy (substrate) is available. We hypothesize the existence of an internal substrate demand function and assume this demand acts locally and is related to the density of tips: the greater the number of tips, the greater the demand for substrate. This mechanism, first suggested by Edelstein & Segel (1983) , allows the internal substrate to be actively moved in all directions, unlike Davidson & Olsson (2000) where the active mechanism could only account for translocation in a single direction. However, unlike Edelstein & Segel (1983) , we assume that diffusion of the internal substrate can still occur (see later). Hence, the active translocation flux of the internal substrate is
The quantity D a represents the strength of active translocation while the dependence of the flux on m reflects that the substrate is moving through a network (see above). We shall refer to the translocation modelled by eqn (9) as tip-driven translocation since the mechanism moves the substrate from areas of low tip density to areas of high tip density. Finally, the external substrate is assumed to diffuse in a standard (Fickian) manner, that is,
where D e is a non-negative constant.
To summarize, system (1) takes the form
which is assumed to hold on the interval ð0; LÞ for some positive constant L: The model is completed by augmenting system (11) with appropriate boundary and initial conditions. Following typical experimental procedures we choose initial data representing the inoculation of a small plug of mycelium placed onto a fresh substrate medium. Hence, we set We solved eqns (11), (12) and the boundary conditions using a finite difference scheme so that the spatio-temporal behaviour of the model mycelium may be examined. System (11) is of mixed type (hyperbolic-parabolic) and the numerical solution of such equations is surprisingly underdeveloped. The quantities in the system are densities and must therefore be non-negative. However, applying standard techniques and computer software in this case, can, under certain circumstances, produce solutions which take negative values even though eqn (11) is a positive system. To maintain the fundamental property of positivity, we made use of secondorder accurate flux limiters (LeVeque, 1992; Gerisch et al., 2001) to represent the hyperbolic parts of the system. The parabolic parts of the system were represented by mass-conserving flux-based schemes. The resulting discretization (using a method of lines approach) yielded a system of ordinary differential equations (ODEs) with a stiff and a non-stiff part which was solved using a (Strang) splitting method. An explicit second-order accurate Runge-Kutta method was used to solve the non-stiff component while an implicit method based on the trapezoidal rule was used in the solution of the stiff equations. In our applications, we used an adaptive time-step method (based on Richardson extrapolation) which minimized computation time in the solution of the ODE system. In the adaptive time-step algorithm, the integration was performed using two different time-step sizes resulting in two approximate solutions. An integration step was accepted only when a global error, calculated using local relative and absolute tolerances between the two approximate solutions, was sufficiently small. We will later show that mEOð10 2 Þ while s i EOð10 À5 Þ and it was important that the local and global tolerances accounted for such differences in magnitude. A precise description and evaluation of the numerical method employed is given in Boswell et al. (2002) . The extension of this work to two spatial dimensions is again not trivial and further publications on this are in preparation.
In all the cases presented below, the spatial discretization was chosen such that the introduction of further grid points had little quantitative effect on the solution of the partial differential equation system.
Calibration Experiment
The model was calibrated for R. solani via a simple growth experiment. Rhizoctonia solani Ku¨hn anastomosis Group 4 (R3) (IMI 385768), was maintained on potato dextrose agar (PDA, Oxoid) at 201C: Before being used for inoculation, the fungus was grown on tap water agar containing 10 g l À1 Noble agar (Difco R. solani was inoculated and grown at 301C in a 9 cm diameter Petri dish containing approximately 12-15 cm 3 MSM which was uniformly distributed. After 15 hr the mycelium was examined to estimate reasonable values for the parameters in the model equations (11) and suitable values for the initial data. This was done by visually inspecting enlarged images of several different regions of the dish. The numbers below are therefore representative of quantities which exist in the three-dimensional medium but in essence can be viewed as numbers per unit area. ; respectively. In the duration of the calibration experiment we did not observe the degradation of inactive hyphae and hence we set r ¼ 0: Existing experimental evidence suggests that certain fungi can deplete external resources of the type considered here in the order of a day (Olsson, 1994) and using this as a basis by examining eqns (5) and (6), we were able to obtain rough estimates for the values of c 1 and c 3 : We estimate that c 1 ¼ 9 Â 10 2 and c 3 ¼ 10 3 ; both having units cm mol À1 day À1 : (Hence, we assume the process of extracting external substrate is 90% efficient; again model solutions are not greatly affected by small changes to these parameter values.) To estimate c 2 we assumed that in colony growth, the resource is used at a similar rate as it is acquired. Comparison of the uptake rate given by eqn (6) and cost of growth (7) suggests that c 2 ¼ 10 À7 mol cm À1 per tip. The diffusion rate for glucose in agar has been found experimentally to be 4 Â 10 À6 cm 2 s À1 (Olsson, 1995) and so we set D e accordingly.
To encapsulate the reduction in transit times in our one-dimensional model mycelium (see above), we assume the effective diffusion of substrate inside the mycelium (given by D i m) is an order of magnitude greater than the diffusion of substrate outside the mycelium. Hence, we choose D i ¼ 10 À2 cm 3 day À1 : With this choice of D i a substrate particle moves, on average, approximately 1 mm hr À1 which is a consistent value with the movement of nuclei and cytoplasmic streaming measured experimentally by Jennings et al. (1974) and with the movement of 14 C measured by Olsson & Gray (1998) .
Finally, we consider the process of active translocation. As a working hypothesis, we assume that the active translocation of material requires an order less of the energy (substrate) which is necessary to extend a hyphal tip. Subsequently, we set c 4 ¼ 10 À8 cm À1 : It just remains to consider D a which we shall do by comparing model and experimental data.
Homogeneous Environments
Colony radial growth rates of R. solani were obtained by inoculating MSM with 0.2 cm radius plugs of the fungus (as above). The colonies were incubated at 301C and at regular time intervals the colony radii were measured in perpendicular directions. The radius of growth was defined as the mean of these distances once the radius of the initial inoculation had been subtracted. The mean growth from five replicates is shown in Fig. 1 .
In order to compare model solutions with the growth rates illustrated in Fig. 1 , we used the parameter values obtained by the calibration experiments discussed in the previous section. The radius of the model biomass at time t was taken to be the largest value of x such that mðx; tÞ þ m 0 ðx; tÞX10 À4 (corresponding to the experimentally observable edge of the biomass). By examining output using a range of values of D a ; it was found that model growth rates were inversely proportional to this value. Moreover, a remarkably good fit between model and experimental systems was obtained by setting D a ¼ 0:
Using a similar experimental protocol to that described above, the distribution of fungal biomass was obtained by daily destructive sampling of R. solani grown over a period of 4 days. Sterile discs of cellophane were placed over the agar to facilitate removal of the fungus. The sampling consisted of removing 1 cm squares from the centre of the Petri dish and along four perpendicular radii. Excess agar from the plug was removed. The fungus was then dried to constant weight and the biomass in each square was determined. The mean biomass at 1 cm intervals from the site of inoculation from three replicates is given in Fig. 2 .
The experimentally obtained biomass distribution can be compared to that produced by the model via the variables representing total hyphal density (that is, m þ m 0 ) and an appropriate scaling factor (see below). The model equations were solved using the calibration discussed above with the appropriate initial data. The model predicts that hyphal density is greatest at the site of inoculation and decreases monotonically towards the biomass edge (Fig. 3) . Hence, there is good qualitative agreement between model and experimental systems (cf. Figs 2 and 3) .
Under the assumptions discussed above, the total hyphal density m þ m 0 gives the model biomass density when multiplied by the mean biomass per unit length of hypha. Thus, to quantitatively compare model and experimental biomass, the model hyphal density must be integrated over unit intervals centred at integer values and then suitably scaled. The results of these calculations are shown in Table 1 . There is good agreement between model and experimental results except at the colony centre during the initial 2 days of growth. (It is difficult to successfully model the earliest stages of growth since the inoculum is highly stressed as it is transferred from one habitat to another. This stress may induce lag and other physiological features not apparent in later growth and which we do not consider here.)
The hyphal density profiles shown in Fig. 3 are different from those predicted by other models (e.g. Davidson, 1998) and those observed experimentally (e.g. Olsson, 1995) . Davidson (1998) and therefore we must compare his biomass density profiles with our active hyphal density profiles. In doing so, qualitatively similar profiles are obtained (Fig. 4) . The active hyphal density profiles are also qualitatively similar to the density profiles obtained by Olsson (1994) where fungal density was quantified by measuring the intensity of light passing through a mycelium. It is possible that inactive hyphae allow more light to pass through them than active hyphae and therefore Olsson's experiments may have measured a weighted hyphal density rather than total hyphal density. Alternatively, if the parameter r; corresponding to the degradation of inactive hyphae, is non-zero (as it may be, for example, with a different fungus or in a different growth media), the total hyphal density profiles produced by our model resemble those of the active hyphal density shown in Fig. 4 (data not shown) . (Recall no such degradation was observed during our experiments.) 
FUNCTIONAL CONSEQUENCES OF TRANSLOCATION
In addition to comparing the results of the calibrated model with results obtained experimentally, the model can also provide information on quantities that are difficult to determine experimentally (for example, internal substrate concentrations). In Figs 5 and 6 the internal and external substrate concentrations, respectively, are plotted at 24 hr periods over the initial 7 days growth. Notice that the substrate concentrations are the same order as that suggested in the calibration experiment and are similar to other model solutions (e.g. Davidson, 1998) . Furthermore, the external substrate (assumed to be glucose) immediately under the model biomass has been rapidly extracted which is in agreement with experimental data on the uptake of glucose by R. solani (Olsson, 1995) . A counter-intuitive (yet probably testable) consequence of the internal substrate distribution is that tips have a higher velocity in the biomass centre than at the biomass edge [see eqn (7)]. For example, after 60 hr of simulated growth, tips at the biomass edge are moving approximately 0.4 cm day À1 ; while tips at the biomass centre are moving about 2 cm day À1 :
Under the calibration discussed above, the tip distribution attains a peak near the edge of biomass, has a trough immediately behind this peak, and decreases slightly towards the centre of biomass. The distribution propagates along the x-axis in a wave-like fashion (Fig. 7) . Notice that the density of tips is of the same order as that measured during the calibration experiment. The peaked tip distribution arises due to the higher tip velocities at the centre of the distribution (as mentioned above) and also the lower anastomosis rate at the biomass edge since there is a lower active hyphal density [see eqn (4)].
A further growth experiment similar to those described above was conducted at 151C. Colony radius was again recorded over several days (see Fig. 1 ). Clearly, radial growth rate is considerably affected by temperature. Remarkably, we were able to obtain a very good fit between these data and the growth curve obtained by the model by varying the single parameter v:
The fit was obtained by reducing v by a factor of 10 from its calibrated value at 301C. This reduction factor compares favourably with that The profiles shown correspond to the densities at the time of inoculation and daily up to, and including, the 7th day. Note that the distribution is peaked near the edge of biomass which is caused by the lower levels of internal substrate and the lower anastomosis rate at the biomass edge. The parameter values, boundary conditions and initial data are given in the text. The solutions are obtained by solving eqn (11) on ð0; 4Þ with 401 grid points.
predicted by the Q 10 rule (a rule-of-thumb which states that metabolic activity approximately halves for a 101C decrease in temperatureFsee, for example, Atlas & Bartha, 1993) . We may view changes to the tip velocity v as modelling the culminative effect of temperature on a cascade of metabolic processes within the mycelium. Non-metabolic processes, however, will not be significantly affected by such a small decrease in temperature. In particular, since diffusion of internal metabolites is dependent upon absolute temperature and the change in absolute temperature (in this case between 303 and 288 K) is small, it is reasonable to assume that the value of D i in the model remains unaltered.
Heterogeneous Environments
There is substantial experimental evidence for the existence of an active translocatory mechanism in R. solani and many other fungi (see, for example, Olsson, 1995; Persson et al., 2000) . It appears from the results discussed above, that such a mechanism is deactivated (or plays a very minor role) when the growth habitat is nutritionally homogeneous. Hence, this mechanism is either functionally unimportant and is an irrelevant artefact of growth or it is implicated in growth in non-homogeneous environments. The former conclusion seems unlikely (and indeed there is evidence to the contrary) and therefore we investigate the action of active translocation in our model when the external substrate is heterogeneously distributed. Persson et al. (2000) examined the growth of A. superba from a radioactive-labelled food source into a nutrient-free environment and observed a peak of label near the colony periphery. This peak of internal substrate was subsequently modelled by Davidson & Olsson (2000) and it was hypothesized that it was produced by a uni-directional active translocation process. (The label profile certainly could not be produced by a purely diffusive process.) However, the functional consequence of this substrate peak was not considered. We now show that a similar peak is displayed in our model and investigate its function.
OUTGROWTH INTO A NUTRIENT-FREE ENVIRONMENT
R. solani grows naturally in soils where the particulate structure ensures that resource patches are small and are typically spatially separated at most by the order of millimetres. In such environments, the distribution of internally held nutrients is of particular importance since it determines both the spread of the fungus and the uptake rate of external nutrients when a resource patch is encountered.
In order to further investigate the effects of translocation on outgrowth, the model equations (11) were solved with the calibration of R. solani at 301C. Initial data were chosen to represent growth from a resource base into a resource free environment and so we set 
In order to investigate the effects of a localized resource, we set D e ¼ 0:
The inclusion of active translocation has a considerable effect on the distribution of internal substrate (see Fig. 8 ). A peaked distribution of internal substrate moves along the x-axis away from the centre of biomass over a short distance before flattening out. In contrast, if the active translocation component is now switched off (by setting D a ¼ 0), a peaked distribution of substrate does not arise (see also Fig. 8 ). These results are in agreement with the simpler simulations conducted in Davidson & Olsson (2000) in which the outgrowth of a different fungus (A. superba) is modelled.
The main effect of the active translocation component is to form a peak of internal substrate close to, but away from, a resource patch. We will now consider why this peaked distribution may benefit biomass growth and thereby understand the potential advantages offered by metabolically driven translocation.
RESOURCE EXPLOITATION
A simplistic view of soil is to regard it as comprising resource patches separated by resource-free regions. The simplest arrangement of external nutrients which has this property is where two resource patches are separated by a G. P. BOSWELL ET AL.
small distance. This is the arrangement we will consider.
The model equations (11) 
which corresponds to two nutrient patches, each 0.2 cm wide, separated by a gap of 0.2 cm. The remaining initial data are those given in eqn (12). Thus, the first substrate patch is ''inoculated'' with biomass while the second patch remains to be ''colonized''. The parameter values were set to be those for R. solani growing at 301C.
Again, to discount diffusion of the external substrate, we set D e ¼ 0:
We conducted the simulations both with and without active translocation (by again setting D a ¼ 0). In both cases, the model biomass successfully bridged the gap between the external substrate patches. The times taken to bridge this 0.2 cm gap were similar (corresponding to 3 hr with active translocation, 4 hr without active translocation) and there was no major difference between the densities of the model biomasses. However, the influence of the active component became apparent upon examination of the second substrate patch. The simulated biomass density in which both diffusive and active translocation occurred carried much of its internal substrate at the biomass edge. Consequently, exploitation (utilization) of the second resource patch was much faster than in simulations using diffusion alone (Fig. 9) . 
FUNCTIONAL CONSEQUENCES OF TRANSLOCATION

Discussion
It is now widely recognized that fungi grow in natural (heterogeneous) environments by using resources in nutrient-rich regions to support growth in nutrient-poor regions. This internal redistribution of nutrients (translocation) is therefore of key importance to the functional consequences of fungal growth in such environments. Furthermore, in order to maximize the role of fungi in agriculture and biotechnology areas such as biocontrol and bioremediation, it is again vital to obtain a clear understanding of how growth and function occur at sites which are either toxic, and/or distal to nutrient resources. In particular, there are three key questions about translocation: (i) why are there two distinct mechanisms, (ii) what are the different roles of each mechanism and (iii) in what environmental situations are either or both mechanisms invoked? Due to the size of individual hyphae, the complexity of the mycelial network, and the nature of the environment in which they grow (soil, for example), it is extremely difficult to answer these questions by experimentation alone. Therefore, in this work we have used a combination of experimental and mathematical techniques to address these questions.
A mathematical model was derived by examining the microscopic behaviour of individual hyphae and considering how this relates to the growth of the mycelium as a whole. An important aspect of our model is that it has both active and passive components of translocation. It was first suggested by Edelstein & Segel (1983) that a reasonable form for the active component of translocation is that given here in eqn (9). However, in Edelstein & Segel, (1983) it was assumed that diffusion and active translocation of internal substrate do not simultaneously occur [that is, in eqn (11), whenever D a a0; Edelstein & Segel (1983) would set D i ¼ 0]. Given this restriction, it is then correctly argued that tip-driven translocation is not a feasible growth mechanism by observing that the gradient of tips at the biomass periphery is negative (cf. Fig. 7) . Therefore, at the biomass edge, tipdriven translocation would move internal substrate up the tip gradient and away from the ''pioneering'' tips. Subsequently, colony expansion would be impossible. A far more involved and experimentally unverified mechanism is thence considered in Edelstein & Segel (1983) . By assuming that both active and passive processes occur simultaneously in our model we view the simple, active, tip-driven mechanism as being sufficient (and biologically feasible). In this case, substrate can diffuse towards the biomass front and assist in the growth of pioneering tips.
It is often a criticism of the type of modelling approach used here that system parameters can be ''tuned'' to provide the desired result. We emphasize that here, almost all system parameter values are guided by experimental observations. A laboratory experiment was conducted by growing the common soil saprophytic fungus R. solani in a standard Petri dish containing glucose-mineral salts medium (MSM) at 301C. This gave approximate values for all the parameters in the model except those relating to translocation. A fungal mycelium is a network of thin (E10 mm diameter) tubes and therefore flow within the network is highly directed. With this in mind, it was assumed that the diffusion-driven component of translocation would have an ''effective'' diffusion coefficient of order ten times greater than the diffusion of the substrate in the external medium [compare the values of D i mEOð1Þ and D e EOð0:1Þ]. A good approximation for this latter value is known and hence a value of D i could be fixed. This choice of D i generated particle velocities inside the hyphae having the same order of those measured experimentally. Further experimental data on the growth of R. solani in an initially homogeneous medium (again MSM) were then recorded and compared to the growth predicted by the calibrated model. It was found that a very good fit to the experimental data could be achieved through passive translocation alone (setting D a ¼ 0). Indeed, increasing D a from zero (i.e. introducing an active component of translocation) decreases the model radial growth rate. Moreover, it reduces the total model biomass. Due to the energy costs involved, the seemingly advantageous mechanism of active translocation is in fact a net drain on available resources. These results suggest why active translocation is not invoked in homogeneous environments.
The effect of temperature on radial growth was modelled by reducing the single parameter v; the tip velocity. We concede that this is probably an oversimplification of the many-fold effects a temperature change would induce. But we view it as not being unreasonable given that the effect on tip velocity could be viewed as the culmination of effects on a cascade of metabolic processes within the mycelium. One conclusion we can draw is that if we are correct in predicting that translocation is purely passive in this situation, then clearly radial growth rate cannot be solely dependent on this mechanism. This again seems reasonable for otherwise we would have to assume that all metabolic processes in the mycelium which culminate in tip extension have no bearing on the radial growth rate.
In contrast, numerical simulations in heterogeneous external substrate conditions clearly identify the different functions of the two components of translocation. In the outgrowth simulation, where all external substrate is held in one region, the subsequent internal substrate distribution depends on the presence or absence of an active translocation mechanism. Similar to the simulations in Davidson & Olsson (2000) and the experimental data in Persson et al. (2000) , a distinctive peak of internal substrate concentration is observed (see Fig. 8 ) only if active translocation is present. The functional consequence of this peak is revealed in the simulations where two distinct substrate resources are separated by a substrate-free region. In this case, on bridging this gap, the peak of internal substrate held at the leading edge of the biomass distribution allows for a more rapid utilization of the second substrate patch (see Figs 8 and 9 ).
Near the biomass edge the tip gradient is negative and therefore the tip-driven component of translocation moves the substrate away from the biomass front. However, since we also assume translocation has a diffusive component, the hyphal tips at the biomass periphery are supplied with substrate through diffusion. It is therefore natural to separate tips into two categories, those supported by diffusion alone FUNCTIONAL CONSEQUENCES OF TRANSLOCATION and those supported by a combination of passive and active translocation. Tips at the biomass edge are those associated with exploration while tips immediately behind the biomass front are most associated with resource exploitation (cf. Figs 8 and 9) . Hence, we hypothesize that in R. solani at least, energy is used efficiently in translocation: exploration tips (and associated hyphae), which are not responsible for major nutrient uptake, are supplied energy through the free process of diffusion. Exploitation tips (and associated hyphae) are supplied with excesses of energy enabling them to acquire any external resource as rapidly as possible. Hence, our model suggests that diffusive translocation is used for exploration while tip-driven translocation supports resource exploitation; this appears to be contrary to the commonly held belief that active translocation is used for exploration in patchy environments. Note, however, that our hypothesis is reasonable given that it is widely accepted that many organisms use random searching (that is, diffusion) to find resources that are separated over small distances (see, for example, Kareiva, 1983) . Our model predicts that a combination of translocation mechanisms is clearly advantageous over diffusion-driven translocation alone when the external resource is patchy both spatially and temporally. It may be then that fungi such as R. solani have some mechanism by which different translocatory mechanisms may be induced depending upon circumstances. (In our model, we represent the switch to combined translocation by simply increasing the value of D a in the second set of simulations.) Perhaps gradients in internal or external nutrients act as a switch between the respective mechanisms. This hypothesis requires further attention both experimentally and theoretically.
